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Figure 9.3.25 Hydraulic head sensitivity in feet for the transient model to changes in drain 

boundary conductance, representing ephemeral streams. 

 
Figure 9.3.26 Hydraulic head sensitivity in feet for the transient model to changes in drain 

boundary conductance, representing springs. 
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Figure 9.3.27 Flow sensitivity in AFY for the transient model to changes in horizontal hydraulic 

conductivity of the surficial outcrop area of Layer 1. 

 
Figure 9.3.28 Flow sensitivity in AFY for the transient model to changes in recharge in the 

surficial outcrop area of Layer 1.  
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Figure 9.3.29 Flow sensitivity in AFY for the transient model to changes in river conductance in 

the surficial outcrop area of Layer 1. 

 
Figure 9.3.30 Flow sensitivity in AFY for the transient model to changes in reservoir conductance 

in the surficial outcrop area of Layer 1. 



Updated Groundwater Availability Model of the  FINAL 
Northern Trinity and Woodbine Aquifers–– MODEL REPORT 

9.3-20 

 
Figure 9.3.31 Flow sensitivity in AFY for the transient model to changes in drain boundary 

conductance, representing groundwater ET. 

 
Figure 9.3.32 Flow sensitivity in AFY for the transient model to changes in drain boundary 

conductance, representing ephemeral streams. 
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Figure 9.3.33 Flow sensitivity in AFY for the transient model to changes in drain boundary 

conductance, representing springs. 
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10.0 Limitations of the Model 

A model can be defined as a representation of reality that attempts to explain the behavior of 

some aspect of reality, but is always less complex than the real system it represents (Domenico, 

1972).  As a result, limitations are intrinsic to models.  Model limitations can be grouped into 

several categories including:  (1) key limitations in the data supporting a model, (2) key 

assumptions used to construct the model, and (3) limitations regarding model applicability.  The 

limitations of this modeling study are discussed in the following paragraphs consistent with these 

categories. 

10.1 Key Limitations of Supporting Data 

Developing the supporting database for a large regional model with a large number of grid cells 

is a challenge because the information available does not, and never will, provide sufficient 

coverage to satisfy the data requirements of the model.  For every type of data required by the 

northern Trinity and Woodbine aquifers GAM, whether it be measured hydraulic heads, aquifer 

properties, or river properties, there are areas in the model where additional data would help 

improve the model’s representation of the physical system.  

A key fact is that, despite the vast amount of information and data used in constructing this 

updated model, there is, nonetheless, a lack of specific types of data.  Without a proper balance 

of different types of data that describe the temporal and spatial properties of the groundwater 

system, a modeler is required to develop assumptions to help guide the model construction and 

calibration.   

Based on past experience with developing GAM models, the most significant data gaps and 

sources of uncertainty are with the temporal and spatial definition of historical pumping, 

interpreting data from wells with multiple screens that intersect multiple model layers or wells 

with no completion information, and the representations of hydraulic properties of the aquifers, 

confining units, and faults at the scale of the model grid cells.  For the case of model faults, 

direct data regarding properties at any scale are lacking.  Each of these issues is discussed below.   
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10.1.1 Historical Pumping  

Pumping is the primary model input parameter that causes changes in hydraulic heads.  Pumping 

impacts tend to be localized near a well because the effects of pumping on hydraulic heads 

decays exponentially as the distance from the pumping well increases.  Therefore, accurately 

simulating the effects of pumping on hydraulic heads requires accurate placement of pumping 

both spatially and temporally.  If the timing and placement of pumping is not accurate, the model 

will simulate a difference between measured and observed hydraulic heads.  One measure of the 

accumulation of these differences is the root-mean square (RMS) error of the model (see 

Section 7.1).  Assuming that one knows the timing and volume of pumping that should occur in 

each model grid cell, then changes to model parameters to better match observed and simulated 

hydraulic heads during calibration are well constrained because of the elimination of error in 

pumping allocation to the model grid.  Unfortunately, this would never be the case unless all 

wells were metered and all wells were perfectly characterized.  As a result of the reality of not 

having pumping exactly correct, model hydraulic properties may be adjusted to some unknown 

degree during calibration to reduce the model mismatch (or RMS error).  Changing hydraulic 

properties, although good for improving the model calibration, is actually not ideal for the utility 

of the model because the changes in the model parameters may not be appropriate and, therefore, 

will introduce inaccuracies in future predictions of hydraulic heads. 

Because very large historical drawdowns of greater than 1,000 feet have occurred in the aquifer, 

incorrect representation of historical pumping could be a significant obstacle for achieving a 

satisfying model calibration as well as a source of introduced error in the calibrated model 

parameters.  Prior to 1980, the spatial distribution of pumping across the active model domain is 

uncertain and this uncertainty becomes larger with each preceding decade.  For some counties, in 

addition to limited data with which to estimate total pumping for some years, data are limited as 

to how historical pumping was distributed spatially among grid cells and vertically among model 

layers.  Most of the drawdown in the aquifer occurred prior to 1980, which is the period over 

which the least amount of information is available regarding pumping.  Thus, it is possible that 

the assumptions and data used to develop pumping for the model prior to 1980 introduced bias 

into the model calibration.  This possibility is most likely in areas of the model where relatively 
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little information was available for assigning the spatial and temporal variation in pumping and, 

though rarely discussed, is inherent in every Texas GAM to some degree. 

10.1.2 Multi-Layer Well Completions and Unknown Completion Data 

Most of the well data used to calibrate the model are from wells with screens that intersect 

multiple model layers or wells with no available completion data.  The intersection of a well 

screen across multiple aquifer(s)/formation(s) means that the measured water level represents 

some type of composite value.  For wells with no screen information, the representative 

aquifer(s)/formation(s) for water-level data are unknown or highly uncertain.  As a result, 

assumptions are required for calculating aquifer properties from aquifer pumping tests, for 

developing a pumping file for model calibration, and for assigning hydraulic heads to specific 

model layers.  These assumptions introduce uncertainty and an unknown amount of error into the 

model calibration that otherwise would not exist if the wells were screened within a single model 

layer and the well completions were known.   

10.1.3 Aquifer and Fault Hydraulic Properties  

Section 4.2.1.3 discusses the importance of accounting for the scale-dependence of aquifer 

properties when assigning properties to model grid cells.  As stated by Bethke (1989), the “task 

of inferring regional hydraulic conductivity is among the most significant challenges in basin 

hydrology.”  An attempt has been made to address this problem by inferring hydraulic properties 

from the large database of lithologic data derived from the interpretation of geophysical logs.  

While this approach offers a good constraint on properties, it nevertheless cannot overcome the 

general lack of data and information available regarding several important aquifer parameters 

and modeling assumptions.  Among the parameters for which there are very few field estimates 

for constraining and conditioning the model calibration are: the vertical hydraulic conductivity of 

the litho-units and how this property may change as a function of depth of burial; the impact of 

the faults on horizontal and vertical flow; and the effective unconfined storage properties of the 

different aquifers near ground surface and as a function of depth.  Without good data to constrain 

these properties, the conceptual model assumptions regarding cross-formational flow between 

aquifers and upward flow as a result of the Mexia-Talco Fault Zone contain uncertainty. 
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10.1.4 Other Important Data Gaps  

The steady-state model was calibrated using 96 water-level measurements.  These 

96 measurements provide minimal coverage across the active model domain for the eight model 

layers.  Fortunately, other types of measurements are available to constrain the steady-state 

calibration, such as evidence of artesian hydraulic heads at the locations of the flowing wells in 

the early 1900s and evidence of significant downdip penetration of freshwater in the Hosston and 

Hensell aquifers based on water quality measurements.  Despite these additional constraints, the 

significance of not having a comprehensive set of calibration targets for the steady-state model 

adds to model uncertainty.  Any biased error in the hydraulic head calibration target will 

propagate throughout the rest of the model and have the greatest impact during early simulation 

years.  

Besides comparing predicted and measured hydraulic heads, another useful approach for 

checking the reasonableness of the steady-state model calibration is to compare the predicted 

groundwater ages from the model with groundwater ages estimated from 14C measurements.  The 

value of this comparison is explained in detail in a TWDB study of the Gulf Coast Aquifer 

System (Young and others, 2014).  As part of this study, the groundwater ages from the steady-

state model have been calculated in Section 9 for comparison to observed freshwater extent in 

the Hensell and Hosston aquifers.  Unfortunately, these ages could not be compared to quantified 

ages calculated from 14C measurements due to the lack of such data in the TWDB groundwater 

database. 

Another important input parameter, especially related to the aquifer outcrop and shallow 

subcrop, is recharge.  Recharge is a very difficult parameter to measure because it varies both 

spatially and temporally.  In this study, river base flow estimates, climate data, and chloride 

concentrations in the groundwater were used to estimate recharge.  Despite extensive efforts, 

sufficient data to develop reliable estimates of recharge values over much of the central portion 

of the model were lacking.  This is a key data gap, increasing uncertainty in that part of the 

model.  
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10.2 Key Assumptions Regarding the Model Construction and Calibration 

There are several potentially key assumptions regarding model construction and calibration. 

Below each of these key assumptions will be discussed.  

 Use of river-head boundaries to simulate the hydraulic interaction between the Woodbine 

Aquifer and the overlying formations.  The aquifer properties and hydraulic heads in the 

younger formations were not characterized during for project.  Interaction between the 

younger formations and the Woodbine Aquifer is assumed to occur throughout most of 

the model, and is included in the model through the use of a boundary condition.  The 

choice of a boundary condition to represent the younger formations is based upon the 

assumption that interaction between the Woodbine and the younger formations is not 

significant enough warrant explicit consideration in the model.  River-head boundaries 

were used instead of general head boundaries to prevent the general head boundaries 

from acting as a potential unlimited source of water to the Woodbine Aquifer.  

 Use of a no-flow boundary between the Hosston Aquifer and Paleozoic-age strata.  While 

interaction between the Hosston Aquifer and the underlying Paleozoic-age strata may be 

locally important, it is not considered to be regionally important and is poorly 

characterized.  After discussions with the TWDB, it was agreed that it was conservative 

to maintain the lower boundary as a no-flow boundary, since the model will be used 

principally for groundwater availability assessment.  As a result, the sands in the 

Paleozoic-age strata were not included in the model and a no-flow boundary was imposed 

at the base of the Hosston Aquifer.  Because the Paleozoic-age strata were not included, 

pumping associated with the Paleozoic-age strata was not included in the county pumping 

estimates. 

 Function for Estimating Recharge. To model recharge, the model outcrop area was 

divided into three sections as discussed in Section 4.5.6.  For each of these sections, a 

single function was used to estimate recharge from precipitation.  This approach was used 

because of the lack of recharge information for numerous watersheds, especially for those 

in the central portion of the model, and to promote consistency across the model.  A 

consequence of this approach is that the spatial variability of recharge is likely smoothed 

relative to the natural variability. 
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 Use of the Well Package.  Many of the wells in the study area are completed across 

multiple model layers.  The MODFLOW well package used to simulate pumping does 

not have the sophistication to simulate pumping from multiple layers and therefore 

pumping estimates must be assigned by layer prior to model simulation.  One potential 

solution, was to use the more sophisticated connected linear network package coupled 

with the well package that was advertised as part of the  new unstructured grid version of 

MODFLOW (MODFLOW-USG) developed by Panday and others (2013).  After 

building an unstructured grid and starting to use the new model and connected linear 

network package, a major limitation in this new package was discovered.  This limitation 

relates to the requirement that a connected linear network be active during the entire 

modeling period.  As a result, wells drilled in any time frame, say 1990, would have to be 

in the model from predevelopment.  This would result in induced groundwater 

cross-formational flow in the wells during early times.  As a result, use of the 

unstructured grid model was abandoned and an approach employing the well package in 

the standard, finite-difference version of MODFLOW was used.  

 Drains to Represent Flowing Wells. The model does not have the capability of 

representing vertical flow in a borehole that connects and intersects multiple layers.  Such 

capabilities would provide the opportunity to more accurately simulate the flow from 

artesian wells that occurred during the early 1900s.  In order to represent these flowing 

wells, the MODFLOW drain package was used.  Outflow through the drains was limited 

by the formation in which the drain was placed.  A limitation of the drain package, 

however, is that it does not accurately simulate the near-well hydraulics that are 

necessary to create cones-of-depression locally around a well.  A good multi-layer well 

package, such as that implemented in MODFLOW SURFACT (Hydrogeologic, 2010) 

can accomplish this.  As a result, the hydraulic head value being used by the drain 

package for the shut-in pressure of the well is too high and the decay of flow rate over 

time from the well could be significantly under estimated.  The benefit of using the drain 

package is that it will not allow heads to decline below ground surface.  
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10.3 Limits for Model Applicability 

The northern Trinity and Woodbine aquifers GAM was developed to update the 2004 GAM 

(Bené and others, 2004) with new data and information that has come available since the 2004 

GAM was developed and to advance the calibration to near current conditions while making 

improvements to the model.  The use of this model is for regional planning within GMA 8 and 

for use by GCDs within GMA 8 in their management of groundwater resources.   

To help accomplish these objectives, the northern Trinity and Woodbine aquifers GAM was built 

with a constant grid-block area of one-sixteenth of a square mile.  This resolution provides the 

capability for improved and more accurate placement of wells, rivers, and other hydraulic 

boundary conditions.  This finer resolution, however, should not be interpreted as meaning the 

model is capable of accurate predictions at the scale of one-sixteenth of a square mile.  This is 

because, across much of the model domain, several key model parameters are based on 

interpretations of data that represent averages over distances greater than several square miles. 

This issue of scale is inherent in any regional model.  The finer model grid resolution does 

improve model representation of the aquifer response to pumping.   

Because of model size and data constraints, the model is not appropriate for use in accurately 

predicting drawdown in a single well during pumping.  For single borehole drawdown during 

pumping or well spacing calculations, analytic models are more appropriate.  The model does, 

however, provide information, such as hydraulic properties and aquifer structure, useful for 

informing analytic calculations.  For regional estimates of drawdown over the scale of several 

square miles or greater, data support and level of calibration in the area of interest should be 

considered when using the model.    

The predictive capability of the model is tied not only to the availability of spatial data but also 

to that of temporal data. The lack of data over short time periods for use in developing model 

boundary conditions means that stress periods of less than 1 year were not warranted.  Use of 

annual stress periods precludes the ability of the model to predict seasonal hydraulic head or 

flow variability. Temporal variability at a scale of less than 1 year is likely not important to 

regional water planning and GCD groundwater management.  However, if modifications to the 

model would be necessary to investigate processes that vary over a time scale less than 1 year, 

such as seasonal variability in base flow, the length of the model stress periods would have to be 
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decreased.  An example application requiring refined temporal resolution is coupling the model 

to a monthly surface water availability model.   
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11.0 Future Improvements 

To use models to predict future conditions requires a commitment to improve the model as new 

data and modeling technologies become available or when modeling assumptions or 

implementation issues change.  The northern Trinity and Woodbine aquifers GAM is no 

different.  Through the modeling process, changes to the model to improve performance or data 

needs to better constrain model calibration are typically identified.  Future improvements to the 

model, beyond the scope of the current groundwater availability model, are discussed below. 

11.1 Additional Supporting Data 

An exhaustive search of existing data was performed to develop and support calibration of the 

updated northern Trinity and Woodbine aquifers GAM.  However, no new field measurements 

were collected as part of this study.  Several types of additional data or new field measurements 

would provide useful information for confirming central components of the conceptual model 

(Section 5) and, in so doing, support future model calibrations.  These data include 

measurements of 14C concentrations in groundwater, additional aquifer pumping test data, and 

estimated recharge rates based on new recharge studies.  Each of these data types are discussed 

below.    

The collection of 14C concentrations in groundwater samples from wells would provide a simple 

but effective approach for checking the groundwater ages calculated by the steady-state model.  

The most useful locations for 14C concentrations would be the downdip regions of the aquifers 

and away from the outcrops.  The 14C concentrations are relatively easy to obtain, as it simply 

involves collecting a groundwater sample and sending it off for a chemical analysis.  The cost to 

chemically analyze a groundwater sample for 14C concentration is about $2,000.  The collection 

of 14C data could be done in phases, with the first phase focused on sampling the Hosston 

Aquifer.  Because of the large outcrop area and strongly varying climate, aquifer structure, and 

aquifer lithology, 14C measurements along multiple transects from north to south would provide 

the most useful data.   

Performing aquifer pumping tests in areas where property estimates are lacking would be 

beneficial for validating the aquifer properties in the current model and for supporting future 

model recalibration.  Aquifer pumping tests should be conducted for at least 8 hours and, if 
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possible, nearby wells should be monitored for water-level changes during the test.  Properly 

designed and implemented multi-well aquifer pumping tests provide information from which 

vertical hydraulic conductivity and storage properties can be calculated at a scale useful for 

validating the aquifer parameters used in the model.  A possible method for collecting additional 

aquifer pumping test data is for GCDs to require such tests to be performed and the data 

submitted to the GCD as an administrative requirement for a well permit.  In many GCDs, there 

is already a permit volume over which an aquifer pumping test is required. 

For a large area of the active model domain that includes the central portion of the study area 

updip of the highest urbanization, local recharge estimates are not available and were developed 

based on data available for the far southern and far northern portions of the study area.  This is 

because most stream gages in the central, and most populated, portion of the study area are 

regulated and hydrograph separation analysis to estimate base flow is problematic.  Although the 

approach used for developing recharge estimates for this portion of the model compare 

reasonably well with the CMB methods (see Section 4.5), there has been significant 

anthropogenic contamination of the shallow groundwater in the area which has the potential to 

bias recharge estimates made this.  Additional research into recharge processes between Waco 

and the Texas-Oklahoma state line would be beneficial.  
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11.2 Future Model Implementation Improvements 

Considering future model recalibration as new data are collected and/or new understanding of 

the northern Trinity and Woodbine aquifers is achieved is recommended.  There are many new 

GCDs in the northern portion of the study area that are actively pursuing research into the 

groundwater resources of the northern Trinity and Woodbine aquifers.  It is expected that better 

data and, consequently, a greater understanding of the aquifers will be achieved over the next 

several years.  

The upper Trinity GCD is currently funding the development of a model of Paleozoic-age strata 

located west of and underlying a significant portion of the northern outcrop region of the 

northern Trinity Aquifer.  It is known that in some areas, the Hosston Aquifer lies 

unconformably on permeable sands and gravels of these Paleozoic-age strata.  The updated 

northern Trinity and Woodbine aquifers GAM assumes a no-flow boundary between the Hosston 

Aquifer and the Paleozoic-age strata.  It is recommended that future studies take the findings 

from the model of the Paleozoic-age strata and this updated GAM to better define the importance 

of this no-flow boundary condition. 

With anticipated advancements to modeling software, two future model improvements are 

recommended for consideration.  The first is to apply the new MODFLOW unstructured grids 

code (MODFLOW-USG) to the northern Trinity and Woodbine aquifers.  The second 

improvement would be the coupling of the updated GAM with Analytic Element Models to 

better predict responses to pumping for small radial distances.  These two potential 

improvements are described below.  

11.2.1 Use of the USGS Unstructured Grid Version of MODFLOW 

As mentioned in Section 10, Version 1 of MODFLOW-USG (Panday and others, 2013) was 

evaluated for this study.  After identifying a problem with the connected linear network package 

and finding the model documentation incomplete, this option was abandoned.  A concern with 

using the early version of MODFLOW-USG was that there might be problems with the code that 

would not be discovered until late in the project, which led to an unacceptable risk to the project.  

Since the initial analysis of the code, another version of MODFLOW-USG has been released.  

However, this version became available late in the project and, therefore, could not be evaluated 
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while still meeting the contracted schedule.  The MODFLOW-USG simulator offers some 

attractive capabilities that should be considered by GMA 8 once it is capable of handling a model 

of the complexity of the northern Trinity and Woodbine aquifers GAM.  Once the MODFLOW-

USG version has been demonstrated to be properly documented, error free, and adequately 

supported by commercial graphical interfaces, such as Groundwater Vistas, it is recommended 

that GMA 8 consider converting the MODFLOW-NWT model into a MODFLOW-USG model.  

However, due to the significant differences in how the two codes are formulated, development of 

an initial exploratory model is recommended.  The Edwards Aquifer Authority is currently 

developing an exploratory alternative model to MODFLOW using a finite-element model to see 

if it offers advantages.    

The biggest benefit of MODFLOW-USG is that it provides the capability of simulating pumping 

from wells screened across multiple model layers.  This capability will reduce the number of 

assumptions and potential sources of bias associated with model calibration and reduce potential 

problems with adding new wells into the model in future simulations.  MODFLOW-USG also 

provides the capability to pinch out model layers and grid cells.  This capability will also 

eliminate the need for the numerous thin “conduit” grid cells that currently exist between the 

surficial outcrop area of Layer 1 and the underlying confined layers.  This will result in reducing 

the number of grid cells, which reduces the size of the model and, therefore, model run times.  

MODFLOW-USG also provides the capability to use non-rectangular grid cells, which allows 

greater flexibility in defining model aquifer boundaries.    

11.2.2 Coupling of the Model with an Analytical Element Model (AEM) for Near-Field 
Prediction 

Despite having grid cells that are a quarter of a mile square, the updated model does not have the 

capability of accurately predicting the impacts of a pumping well on hydraulic heads within a 

well or in the close vicinity of a well extending out several grid cell dimensions.  This limitation 

of most finite-difference regional models occurs because of two issues.  The first issue is that 

wells can only be located at the center of a grid cell and well screens are assumed to extend 

across the full extent of the model layer.  The second issue is that the finite difference solution 

technique used by the model is an approximate solution to the groundwater flow equation close 
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to a pumping well.  The error associated with this approximation is greatest at the location of the 

well and rapidly diminishes with distance beyond the grid cell in which the well is located.     

To avoid problems with approximate solutions to predicting drawdown near a pumping well, 

analytical solutions should be used.  Current investigations are underway to couple the new 

Analytical Element Model code called TTIM (Bakker and Strack, 2003) with numerical codes 

such as MODFLOW-USG.  The Analytical Element Model code provides an exact solution to 

the groundwater flow equation enabling simulation of drawdown in the near vicinity (1 foot) of a 

pumping well.  Such a coupling would greatly improve the ability of the GAM to simulate 

pumping impacts from a single pumping well at distances less than a mile away.  This type of 

enhancement could make the state GAMs a viable tool for assessing individual well permits and 

spacing rules commonly considered by GCDs.  
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